translational processing by endopeptidase(s) and carboxypeptidase(s) which utilized basic residues as The isolation and sequence determination of a new the cleavage sites. Mass spectrometric evidence sug-2S albumin storage protein from Ricinus communis gested that the protein presented microheterogenseeds denoted 2S ASP-Ib are described. The fragment eity at its termini, i.e., truncated forms presumably approach using selective enzymatic cleavage, Edman due to processing heterogeneity. The present characdegradation, and mass spectrometry was used to terization of the 2S ASP-Ib protein, the second 2S demonstrate that the 11-kDa heterodimer protein albumin from Ricinus communis seeds, demonlinked by disulfide bridges has the following strucstrates that the 237-residue precursor protein codes ture: short chain, GEREGSSSQQCRQEVQRKDLSfor two different heterodimer proteins containing 97 SCERYLRQSSS; long chain, õQQQESQQLQQCC-and 99 residues each. This system should be useful NQVKQVRDECQCEAIKYIAEDQIQQGQLHGEESfor studying the posttranslational processing of ERVAQRAGEIVSSCGVRCMR. The molecular weight plant storage proteins. ᭧ 1996 Academic Press, Inc. of the intact protein, 11,140 { 2, determined by maKey Words: 2S albumin; Ricinus communis; storage trix-assisted laser desorption mass spectrometry protein; posttranslational processing; precursor prowas consistent with the assigned structure. presented by Youle and Huang (3) and confirmed by Thorpe et al. (4).
allergens are the 2S albumin storage proteins was the four termini could have been produced by postpresented by Youle and Huang (3) and confirmed by Thorpe et al. (4) . 1 To whom correspondence should be addressed at Centro de Sharief and Li (5) reported the amino acid sequence verse-phase HPLC (14) using 100 pmol of each PTH derivative to quence isolated a cDNA coding for a 29.3-kDa precurstandardize the system. sor. This precursor contained, as expected, the 4-and Electrophoresis. Isoelectric focusing was carried out in a 2117 7-kDa chains of the Sharief and Li 2S albumin. They Multiphor II electrophoresis system on an ampholine PAG plate (245 also proposed that the albumin precursor contained a 1 110 1 1 mm), pH range 3.5-9.5, at 10ЊC, 20 W, for 1.5 h, as second 2S albumin on the basis of the presence of two recommended by the manufacturer. SDS-Tricine PAGE was performed using stacking, spacer, and additional glutamine-rich regions and the similar locaseparating gels as described by Schä gger and Von Jagow (15) with tion of cysteine residues in the proprotein. Structural a 16.5% separating gel. Protein was detected with Coomassie brilevidence for the existence of the putative second 2S liant blue R-250 (10 mg/ml) in methanol/acetic acid/water (45/10/45) albumin was presented in terms of sequence data for at 8ЊC (cold room). the small subunit which was isolated by SDS-PAGE.
Isolation of 2S protein by chromatofocusing. The protein was isolated from fraction SF-III which was prepared from detoxified exThe first 10 residues were consistent with the proposed tracts of R. communis seeds (2) by SP-Sephadex chromatography N-terminal sequence of the putative small subunit.
followed by gel filtration on Sephadex G-75 (7) . One-to 5-mg batches
We have reported the isolation of a second 2S albu-of SF-III were submitted to chromatofocusing on a Mono P column min from castor bean seeds (7) , which differed from (HR 5/20) previously equilibrated with 25 mM L-His, pH 6.0 (16). the one isolated by Li et al. in terms of isoelectric After sample application (0.5 ml) in the same buffer, the column was eluted isocratically for 7.5 ml. The column was developed with 50 point (5, 8) . On the basis of the amino acid composiml aqueous polybuffer 74, 1:20 (v/v), pH 4.0, to establish the pH tion of its small and large chains and partial segradient. Effluent pH was monitored with a flow cell or on a tube by quence data we concluded (9) that it was the second tube basis, and protein was detected by absorbance at 280 nm (see albumin predicted from the cDNA data. In the pres-legend to Fig. 1A for operating conditions). Effluent containing the major protein peak and eluting near pH 4.80 was pooled and the ent paper we describe the isolation and complete se- R. communis and discuss the specificity of the postSince the material in Fig. 1A presented two major bands on IEFtranslational enzymes which could be involved in PAGE (pH 4.7-4.9) and discontinuous PAGE (12.5%, data not processing these plant storage proteins.
shown), the pool was submitted to a second preparative chromatofocusing step designed to provide more resolution near pH 4.8. The second elution system utilized 25 mM L-His, pH 5.85, as starting
MATERIALS AND METHODS
buffer and polybuffer 74 (1:20, v/v), pH 4.25. The column was equilibrated with starting buffer and the sample (0.5-1 mg) was applied Materials. Mono P (HR 5/20), Sephadex G-25F, Sephadex G-50M, in 0.5 ml starting buffer 5 min (2.5 ml) after elution with polybuffer PD-10 desalting column, IEF 2 precast Gel (pH 3.5-9.5), IEF pI stanhad begun. The column was eluted with 40 ml polybuffer. Effluent dards (broad pH range), and polybuffer 74 were products of Phar-containing protein near pH 4.80 was separated from polybuffer and macia Biotechnology (Uppsala, Sweden). The following were products His as described above. reaction was stopped by lyophilization and the mixture was filtered HPLC-grade acetonitrile was from Baker (Phillipsburg, NJ). L-Histithrough a PD-10 column (Pharmacia) and then Sephadex G-25F (0.9 dine was donated by Ajinomoto (Sã o Paulo, Brazil). Trypsin, endopro-1 120 cm) both eluted with 0.2 M acetic acid. Protein was detected teinase Lys-C, and endoproteinase Glu-C were products of Boehby absorbance at 280 nm and the product, a mixture of S-and Lringer-Mannheim (Mannheim, Germany).
chains, was dried in a SpeedVac system. Amino acid analysis. Peptides were hydrolyzed in constant boilSeparation of S-and L-chains. The chains were separated, reing 6 N HCl for 22 h at 110ЊC under vacuum. Most of the samples, chromatographed when necessary, and tested for homogeneity by 2-10 nmol, were analyzed by the method of Spackman et al. (10) on C 18 reverse-phase HPLC. Because of the low-load capacity of the an automatic instrument (11), using a 4-nmol standard. Peptides separations illustrated in Figs. 1C and 1D , the runs were repeated obtained in small quantities (0.5 to 2.0 nmol) were analyzed after 10 times. vapor-phase hydrolysis by the PTC method (12) using a PicoTag C 18 reverse-phase chromatography was carried out using two LKBcolumn with a 100-pmol standard. The recoveries of peptides re-HPLC 2248 pumps and an LKB-VWM 2141 dual-wavelength detecported here are based on the previous step and are not cumulative. tor at room temperature (22ЊC) at 0.5 ml/min. The conditions used Edman degradation. Automatic Edman degradation was carto equilibrate and develop the column are indicated in the legend to ried out on 250 to 3000 pmol peptide using a Porton Model 2020/
Figs. 1C and 1D. Samples were injected in 50-to 100-ml volumes and 2090 liquid-phase instrument. The HPLC system was standardeffluent was collected by hand on the basis of absorbance and dried ized with 100 pmol of each PTH derivative. Manual Edman degrain a SpeedVac system. dation was carried out on 1 to 4 nmol peptide as described by
Endoproteinase Lys-C hydrolysis. The S-chain, 150 nmol, and the Fushitani et al. (13) . PTH amino acids were separated by C 18 re-L-chain, 40 nmol, were each hydrolyzed with the enzyme as described by the manufacturer at a 1/50 (w/v) enzyme/substrate ratio in 25 mM Tris-HCl buffer, pH 8.4, for 8 h, at 38ЊC. The reactions were stopped by lyophilization and the products separated by HPLC. 2 Abbreviations used: DTT, dithiothreitol; IEF, isoelectric focusing; PEC, pyridylethyl-S-cysteine; PTC, phenylthiocarbamyl; PTH, pheEndoproteinase Glu-C hydrolysis of fragment 1-16 from the Lchain. The peptide (5.0 nmol) was hydrolyzed as described by the nylthiohydantoin; TFA, trifluoroacetic acid. manufacturer with the enzyme at a 1/36 (w/w) enzyme/substrate units below the major component, which probably corratio in 25 mM ammonium bicarbonate, pH 7.8, for 6 h at 25ЊC at respond to truncated forms. which time the same amount of enzyme was added and hydrolysis
The most abundant species in the spectrum of the Swas continued for 12 h at 25ЊC. The reaction was stopped by lyophilichain had a mass of 3915.8 which corresponds to the zation and the products were separated by HPLC.
assigned structure with its two cysteine residues alkyl- behaved like a single component (Fig. 1C) . The L-chain,
Mass spectrometry. Matrix-assisted laser desorption mass specwhich had been eluted with a steep acetonitrile graditrometry (Fig. 1B) was carried out on a time-of-flight spectrometer ent, presented two peaks when rechromatographed on constructed at Rockefeller University (19). A matrix of a-cyano 4- a Vydac C 18 column under near-equilibrium conditions hydroxycinnamic acid was used to prepare the samples as described previously (20).
(data not shown). Effluent corresponding to the major Electrospray analysis was performed with a Finnigan-MAT TSQpeak behaved like a single component upon rechro-700 triple-quadrupole mass spectrometer. The negative-ion MS-MS matography (Fig. 1D) . The lower yield for the L-chain spectrum of the tetrapeptide corresponding to residues 1-4 of the (26%) was due to the need to carry out a second RP-L-chain was obtained from a solution containing 30 pmol/ml of peptide HPLC purification step. The amino acid composition of the 2S protein is the octapole) region of the mass spectrometer (argon gas pressure 2.6 mTorr). The resulting fragments were analyzed in the third-stage same as that obtained from the sequence data except quadrupole of the mass spectrometer.
for uncorrected serine (9.4 vs 12), uncorrected cysteine (3.8 vs 8), and Glx (28.9 vs 32). This was probably due to the instability of the first two amino acids RESULTS and the high content of Glx for which {8% (error Isolation of the Protein and Its Polypeptide Chains of analysis) is equivalent to two to three residues. Another indication of the homogeneity of 2S proThe 2S protein was purified from batches of 1-5 mg tein was the absence of the amino acids Thr, Pro, of fraction SF-III by chromatofocusing as illustrated in and Phe. Fig. 1A . The major peak eluted at pH 4.80 from several
The data for the chains obtained after reduction and chromatofocusing runs was combined and submitted to S-pyridylethylation in columns 2 and 3 are also within a second preparative run using a flatter pH gradient.
{10% of the integral values obtained by sequencing, The pools of protein thus obtained were homogeneous except for residues sensitive to acid hydrolysis such as by analytical chromatofocusing and also by IEF-PAGE Ser, Met, PEC and sterically hindered residues Ile 55 -(pI 4.90) (data not shown). The overall yield for repetiVal 56 of the long chain. Indeed, only Lys and Asp of the tive preparative chromatofocusing was 3.6% (5 mg from L-chain differed by more than {10% from the sequence 140 mg of fraction SF-III). data but they were obtained in the expected amounts The laser desorption mass spectra of 2S protein is in the tryptic peptides. shown in Fig. 1B . The major component observed in this spectrum had a mass of 11,140 { 2, which is consistent with the heterodimer structure proposed here with Primary Structure the amino-terminal glutamine of the long chain being in the pyrrolidone carboxylic acid form. Note that the The sequence of the S-chain was determined by automatic and manual Edman degradation of intact Ssample contained components with mass up to 540 chain and of the carboxy-terminal peptide obtained sis with endoproteinase Lys-C and endoproteinase Glu-C. The amino-terminal sequence was determined by after hydrolysis with endoproteinase Lys-C. The sequence of the L-chain was determined by automatic mass spectrometry of the peptide obtained after hydrolysis with endoproteinase Glu-C. Edman degradation of peptides obtained after hydroly- , which is consistent with the Edman data.
Amino Acid Composition of a 2S Protein Extracted from Ricinus communis and S-and L-Chains Obtained
The Edman degradation of fragment 19-32 of the S- degradation, was assigned to the central position be- (see Fig. 3 ).
On the basis of the amount of Glx recovered and assuming it was a tetrapeptide (see Fig. 3 for mass spectrometry data), its recovery was 76%. No amino acid composition data were obtained for peptide 5-16 but its amino The sequence data for the S-chain and L-chain are acid sequence was determined by Edman degradation. summarized in Fig. 2 . The amino acid composition of When four Glx were subtracted from the amino acid each peptide was consistent with the Edman, carboxy-composition of fragment 1-16 an ''expected'' amino acid peptidase, and/or mass spectrometric data used to as-composition for 5-16 was obtained which was consissign the position of each amino acid.
tent with the automatic Edman data. The amino acid sequence of fragment 29-65 was de-S-Chain termined by Edman degradation, except for residues 49, 51, 52, 63, and 65. Hydrolysis of the S-chain which contained only one Four peptides were obtained when fragment 29-65 Lys with endoproteinase Lys-C provided two fragwas digested with trypsin. These fragments from the ments, corresponding to residues 1-18 and 19-32, L-chain were ordered on the basis of the following conwhich were separated by reverse-phase chromatograsiderations. Peptide 63-65, PEC-Met-Arg recovered in phy (data not shown). The sum of the amino acids of 76% yield, was assigned to the carboxyl terminal bethe fragments corresponded to the amino acid composicause it contained the only Met in the molecule which tion of the starting material, and the recoveries were was shown to occupy the penultimate position of the L-64 and 61%, respectively. Fragment 1-18 was identified as the amino-terminal fragment on the basis of its Edman degradation (residues 1-5) which corresponded to chain by carboxypeptidases A and B (data not shown). Mass Spectrometry Peptide 29-47 (obtained in 60% yield) was identified as Fragment 1-4 obtained after hydrolysis of the Lthe amino-terminal fragment because it contained the chain with endoproteinase Lys-C and endoproteinase only residues of Tyr, Asp, Leu, and His present in frag-Glu-C contained ú98% Glx on acid hydrolysis. It was ment 29-65 and these residues were shown by auto-Edman negative as was the L-chain from which it was matic Edman degradation to occupy positions 29, 33, prepared with endoproteinase Glu-C (Fig. 2B) . The m/ 40, and 41 of the parent peptide 29-65. Peptide 52-62 z of the deprotonated single-charged intact peptide, was assigned to the penultimate position because it 512.8 ( Fig. 3) by collision-induced decomposition were consistent This alignment of the peptides is consistent with with the structure õGlu-Gln-Gln-Glu-OH as indicated the 37-cycle partial Edman sequence of fragment 29-in the insets in Fig. 3 . 65. The sequence data for the fragments provide primary data for residues 49, 51, 52, 63, and 65 which The most important result of the present study is of the fragments of peptide 29-65 are also consistent that we have isolated and sequenced a new heterowith the sequence data. Figure 2B summarizes the dimeric 2S albumin storage protein from R. commudata for sequence assignment for the L-chain which nis seeds whose structure was predicted by Irwin et corresponds to residues 66 to 130 of the precursor al. (6) on the basis of the structure of a cDNA. The cDNA was isolated with probes constructed using the protein (cf. Fig. 4 ). amino acid sequence of another 2S albumin described are required for formation of the disulfide bonds and by Sharief and Li (5) . Thus, we have demonstrated the conformation of the precursor before posttranslathe validity of their prediction that the putative 237-tional processing. residue large protein precursor contains two differThe 2S storage protein whose sequence is reported ent heterodimeric 2S albumins with chains con-here (2S ASP-Ib) presents conserved cysteine residues taining 65 and 32/34 residues and having cysteine in both the S-and L-chains typically found in seed residues in the same relative positions and thus pre-proteins of the 2S albumin superfamily (6) . Sequence sumably identical disulfide bridges.
comparison of 2S ASP-Ib and other 2S storage albuThe primary structure of the 2S albumin storage pro-mins (21-23), some protease inhibitors (24), and sweet tein documented here and denoted 2S ASP-Ib 4 indi-proteins (25) shows homology. cated by the light areas of Fig. 4 corresponds to residues A combination of the selective enzymatic cleavage 18 to 49 (S-chain) and 66 to 130 (L-chain) in the puta-fragment approach and automatic and manual Edman tive precursor protein. Similarly, the 2S albumin stor-degradation was used because of the high content of age protein (2S ASP-Ia) described by Sharief and Li Glx, 9/32 (28%), of the S-chain and 23/65 (35%) of the (5) corresponds to residues 136 to 169 (S-chain) and L-chain and the fact that the L-chain was Edman negaresidues 173 to 237 (L-chain). Presumably the shaded tive. The amino acid composition of fragments, as well sequences 1 to 17, 50 to 65, 131 to 135, and 170 to 172 as the results of manual Edman degradation of fragments and treatment with carboxypeptidases, provided 4 We propose to call the protein described here 2S albumin storage complementary confirmatory evidence for most of the protein I-b (2S ASP-Ib), where I indicates the cDNA described by results of automatic Edman degradation of the L-chain Irwin et al. (6) and b indicates the second protein coded by I to be and primary evidence for the final residues of the autoisolated and sequenced. On this basis, the protein described by Sharmatic Edman degradation which could not be identiief and Li (5) would be denoted 2S albumin storage protein I-a (2S ASP-Ia).
fied. The structure of the amino-terminal peptide of the L-chain (õGlu-Gln-Gln-Glu released by endopeptidase Glu-C), a challenge for wet chemistry, was determined easily by mass spectrometry.
Thus, the primary sequence and especially the amino-and carboxyl-terminal residues assigned here were obtained from two or three independent sets of data. Yet, the mass spectra data suggest sequence microheterogeneity by the presence of truncated forms of the 2S protein (Fig. 1B) and by the presence of the desG 18 -E
19
-R 20 form of the S-chain (data not shown). We can rationalize these apparently contradictory results which indicate a unique structure from the sequencing data of the chains but microheterogeneity of the parent protein by mass spectrometry by suggesting that after reduction and alkylation we isolated essentially only one form of each chain which provided unambiguous sequencing data. Figure 4 provides a hypothetical processing scheme for the structure of 2S ASP-Ib which would include (i) specificity for monobasic sites (26, 27) , and N 172 -Q173 (arrow 9). The fact that other basic and N-X residues are intact in the product protein can be explained on the basis of the conformation of the protein and the specificity of the processing enzymes.
The structure proposed by Irwin et al. (6) for 2S ASPIb contained 10 residues more than those demonstrated here. It is important to note that mass spectrometry could have detected higher molecular weight species differing in only one more amino acid residue, if they had been present. It is beyond the scope of this discussion to survey the literature on plant proteolytic enzymes. The only structural information for precursor processing enzymes in castor bean seeds that we are aware of is the description of the processing of ricin which was recently reviewed by Lord et al. (31) . An N-G specific processing enzyme that acts selectively on soybean glycinin has been described (32). The possibility cannot be excluded that the processing of the 2S albumin storage protein involves first selective steps and then other nonselective steps as this storage pro- Finally, it should be emphasized that the processing by Irwin et al. (6) . Residues 18 to 49 and 66 to 130 correspond to of plant precursor protein having 237 residues coding the 2S albumin storage protein, 2S ASP-Ib documented here, and residues 136 to 169 and 173 to 237 correspond to 2S ASP-Ia sequenced by Sharief and Li (5) which was used to obtain probes for isolation of the cDNA. The shaded residues are parts of the putative precursor protein which are not present in the 2S albu-ASP-Ib is indicated by arrows 2, 3a, 3b, 5, and 6. The cleavage sites suggested by Irwin et al. (6) correspond to arrows 1, 4, 5, min storage proteins after processing. The minimum number of cleavages using basic residues as hydrolysis sites to produce 2S and 7.
